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P ulmonary arterial hypertension (PAH) is a life-threatening
disease with poor prognosis. As a subtype of pulmonary

hypertension, PAH results from various etiologies. Accord-
ingly, it is mainly divided into idiopathic PAH, heritable PAH,
drug- and toxin-induced PAH, and PAH associated with
connective tissue diseases; portal hypertension; HIV infection;
congenital heart disease; and schistosomiasis.1 PAH is
characterized by vascular lumen narrowing attributable to
pulmonary vascular remodeling, which leads to increased
pulmonary arterial pressure.2,3 In detail, excessive and
persistent pulmonary vasoconstriction results from various
factors, stimulating increased pulmonary arterial pressure.4

Furthermore, irreversible vascular remodeling, including pul-
monary artery endothelial cell (PAEC) dysfunction, abnormal
proliferation and apoptosis resistance of pulmonary arterial
smooth muscle cells (PASMCs), extravagant fibroblast prolif-
eration and activation, and immune dysfunction are the main
driving factors in PAH progression.3,5 Together with structural
remodeling, pulmonary vascular dysfunction aggravates PAH
progression and eventually leads to heart failure and death.

The pathophysiological mechanisms of PAH are complex,
involving immunological abnormality and inflammation.6

Recently, it was demonstrated that T cells play a critical role
in pulmonary vascular remodeling and the development of
PAH.7 Tamosiuniene et al8 suggested that athymic nude rats
lacking mature T cells developed more severe pulmonary
hypertension than immune-reconstituted rats, which indicated
that T lymphocytes attenuate early inflammation following
Sugen 5416–induced vascular injury in a rat model and
subsequently protect against the development of PAH.

However, the T-lymphocyte subsets, which include helper T
cells (Th cells), cytotoxic T cells, and regulatory T cells (Tregs),
play different roles in PAH. Among the helper T-cell subtypes,
exploration has shown that Th1 and Th17 cells widely cause
the inflammatory and autoimmune responses in PAH by
producing interleukin-6, interleukin-2, interleukin-21, inter-
feron-c, and tumor necrosis factor-a.9,10 It has been directly
demonstrated that Th17 cells promote the course of PAH in
hypoxia-induced rats via the secretion of interleukin-17A,
while inhibition of Th17 cells significantly attenuated the
increased pressure and remodeling response to chronic
hypoxia.11 In addition, it has been verified that Th2 cells
exacerbate PAH progression. Inhibition of Th2 cells by
chemoattractant receptor homologous molecule expressed
on Th2 cells could suppress interleukin-4 and interleukin-13
secretion to reduce inflammation and thereby alleviate the
elevated right ventricular systolic pressure and pulmonary
vascular remodeling in rodent PAH models.12 Moreover,
Austin et al13 found that patients with idiopathic PAH and
heritable PAH had abnormally increased cytotoxic T cells in
the peripheral lung tissue, and identified that cytotoxic T cells
promote the development of PAH via its potent cytolytic
activity to trigger the local inflammatory response. In contrast,
Tregs were recently found to contribute to immunosuppres-
sive progress and further ameliorate PAH by regulating
pulmonary vascular wall inflammation and inhibiting pul-
monary artery remodeling.8

The Treg population and the subtype ratio of T lymphocytes
can be considered a critical biomarker of PAH prognosis.
Under interleukin-12, interleukin-4, interleukin-6, interleukin-
10, and transforming growth factor-b (TGF-b) stimulation, T
lymphocytes could differentiate into different subsets includ-
ing Th1, Th2, Th17, and Tregs, with relative balanced
quantities in normal physiological homeostasis.14 Conversely,
disproportion of these subsets, especially reduced Tregs and
increased Th17 cells, also described as Treg/Th17 ratio
imbalance, may lead to significant perturbations of the
immune response, thereby affecting the natural progression
of PAH. Furthermore, disproportionate Treg/Th17 ratios have
been reported in various PAH, especially in idiopathic PAH,
heritable PAH, and PAH associated with connective tissue
diseases, which has been identified as positively correlated
with PAH severity and prognosis.15,16
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This interesting finding of an imbalanced Treg/Th17 ratio in
PAH may be a result of epigenetic modification of the gene
promoters. The reduced Tregs may be attributable to increased
methylation levels of forkhead box protein 3, a core transcrip-
tion factor for maintaining Treg quantity and function, thereby
reducing forkhead box protein 3 expression and impairing Treg
levels in PAH.17 Similarly, the increased Th17 cells are
attributable to suppressed methylation levels in the RAR-
related orphan receptor C gene, which represents elevated
RAR-related orphan receptor ct mRNA levels and Th17
expression.18 In addition, Tregs have been found to suppress
the numbers and function of other subtypes of T lymphocytes,
including Th1, Th2, and Th17, via direct cell-cell interactions or
producing immunoregulatory factors TGF-b and interleukin-
10.19 However, some studies have also observed increased
Tregs in PAH.20 It has been speculated that a possible
explanation is related to reactive Treg elevation in the
peripheral blood, which is a result of attempting to suppress
peripheral proinflammatory activity.13 Although Treg levels in
PAH remain controversial, their immunosuppressive function
protects against the pathological process of PAH.

Recently, it has been found that Tregs are essential for
regulating the course of PAH. Experimental animal models
have verified that athymic rats with reduced Treg numbers
and activity are more susceptible to severe PAH than wild rats
with normal Treg number and function.21 Female athymic rats
presented with more serious pulmonary inflammation and
augmented right ventricular (RV) fibrosis than their male
counterparts after treatment with Sugen 5416 and hypoxia.22

Mechanistically, Treg immune reconstitution protected
against PAH development in the present study by increasing
expression of the cardiopulmonary vasoprotective factors
cyclooxygenase 2, prostacyclin I2 synthase, programmed cell
death 1 ligand 1, heme oxygenase 1, prostacyclin, and nitric
oxide to exert vasodilative effects.22 This interesting result on
PAH severity appears to be sex dependent, and this might be
related to the pleiotropic effects of estrogen on inflammation.
In abnormal immune homeostasis, the effects of estrogen on
Tregs show both immune-suppressive and immune-stimula-
tory effects, and the latter account for a primary role in PAH
pathological processes, which leads to a more severe PAH
course in female than male patients.23,24 Therefore, main-
taining Treg number and function is important for protecting
against PAH, especially in women.

Tregs play a protective role in multiple pathological
processes of PAH.8,25 Tregs can regulate PAH initiation and
progression by secreting positive cytokines, interacting
directly or indirectly with other immune cells to ameliorate
PAEC injury, regulate PASMC proliferation and apoptosis,
control fibroblast proliferation and activation, and maintain
immune homeostasis (Figures 1 and 2). Accordingly, we
systematically summarized the advanced findings of Treg in

the reduction of PAEC impairment, inhibition of PASMC
abnormal proliferation, repressing inappropriate fibroblast
activation, and balancing immune dysfunction to illustrate
the regulatory function of Tregs in PAH courses, with the aim
of identifying potential therapeutic targets in PAH.

Tregs Ameliorate PAEC Injury
In addition to acting as a physical barrier, PAECs can also
regulate vasoconstriction and vasodilation by synthesizing
and transporting a series of vasoactive substances.26 Under
the stress of inflammation and stimulation, endothelial
dysfunction may lead to decreased production of vasodilators
such as nitric oxide and prostacyclin, as well as persistent
overexpression of vasoconstrictors such as endothelin-1.27

This results in increased pulmonary arterial pressure attribu-
table to excessive pulmonary arterial contraction, and even-
tually accelerates the progression of PAH.28

Investigations have provided evidence that, in PAH, the
pulmonary arterial endothelium changes mainly include
endothelial injury, endothelial cell proliferation, and invasion
of the intima by myofibroblast-like cells, which is also related to
endothelial-to-mesenchymal transition.29 Generally, the pul-
monary endothelium is a critical local source of several key
mediators for vascular remodeling, including growth factors
(fibroblast growth factor-2, angiotensin II), vasoactive peptides
(nitric oxide, prostacyclin), cytokines (interleukin-1, interleukin-
6), and adipokines (leptin).30,31 PAEC dysfunction could
stimulate the production of vasoconstrictors and inflammatory
factors to promote cell growth and inflammation—in particular,
regulating excessive PASMC proliferation.32

Accordingly, pulmonary artery endothelial injury is an
important driving factor of PAH. Xiao et al33 revealed that
monocrotaline triggered endothelial damage and finally
induced PAH by inducing the aggregation and activation of
the calcium-sensing receptor in PAEC. The calcium-sensing
receptor structure is rich in histidine, tryptophan, and
cysteine, which can all bind easily to monocrotaline and
further damage the pulmonary arterial endothelium.33

Furthermore, BMPR2 (bone morphogenetic protein receptor
type 2) is mainly secreted by PAECs, which feeds back to
PAECs and subsequently prevents their proliferation and
apoptosis.34 Hong et al35 observed that BMPR2 conditional
knockout mice had significantly higher median right ventric-
ular systolic pressure than healthy control mice, indicating
that injured PAECs are predisposed to PAH because of
reduced BMPR2 secretion.

Treg dysfunction interacts with PAEC injury and thereby
aggravates PAH progression. A recent study showed that
abnormal Treg function or quantity could lead to impaired
PAEC anti-inflammatory function, which is an important factor
in PAH formation.7 Furthermore, Huertas et al36 proved that
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in patients with idiopathic PAH, PAEC dysfunction may
downregulate the function of peripheral circulating Tregs by
synthesizing leptin, thereby failing to exert anti-inflammatory
and immunomodulatory effects to improve PAH. Therefore,
the abnormal Tregs and PAECs could interact with each other
and aggravate the course of PAH.

Endothelial-to-mesenchymal transition is a biological pro-
cess in which the endothelial phenotype of PAECs is
progressively changed into a mesenchymal or myofibroblastic
phenotype.37 A recent study demonstrated that BMPR2 levels
inhibited the chromatin architectural factor high-mobility
group AT-hook 1 and thereby impeded endothelial-to-
mesenchymal transition to protect against PAH progres-
sion.38,39 Intriguingly, it has been determined that Tregs may
attenuate perivascular inflammation and endothelial cell
apoptosis by upregulating BMPR2 expression.35 Therefore,
Tregs may inhibit endothelial-to-mesenchymal transition by
upregulating BMPR2 expression and subsequently reduce
high-mobility group AT-hook 1 in PAECs.

Moreover, Tregs help maintain normal PAEC function by
interacting with other cytokines such as interleukin-10. Tregs
protect against pulmonary vascular endothelial injury and
eventually ameliorate PAH by secreting interleukin-10, which
is involved in regulating vascular endothelial function by
enhancing endothelial nitric oxide synthase phosphorylation
and attenuating oxidation by inhibiting nicotinamide adenine
dinucleotide phosphate oxidase activity, ultimately achieving
the purpose of relaxing the pulmonary arterioles.40 In
summary, Tregs can ameliorate the course of PAH by
repairing injured PAECs and endothelium integrity.

Tregs Regulate PASMC Proliferation and
Apoptosis
Smooth muscle cells function to contract blood vessels and
regulate vascular tone, blood pressure, and blood flow
distribution. Under normal circumstances, PASMCs are static
and differentiated, exhibiting low proliferation and synthetic

Figure 1. Underlying mechanisms of Tregs in PAH. Tregs repair injured PAECs and endothelium integrity
by secreting interleukin-10 and upregulating BMPR2 expression. Tregs inhibit excessive PASMC
proliferation and apoptosis resistance by suppressing the Akt and ERK pathway, reducing cyclin D1 and
CDK expression, and restraining the RhoA/ROCK pathway. Tregs regulate abnormal fibroblast proliferation
and activation by suppressing TGF-b and FGF-9 production, inhibiting the CXCL12–CXCR4 axis, suppressing
leukotriene B4 production, and directly secreting interleukin-10 and interferon-c. BMPR2 indicates bone
morphogenetic protein receptor type 2; CDK, cyclin-dependent kinase; CXCL12–CXCR4, chemokine (C-X-C
motif) ligand 12—CXC receptor 4; ERK, extracellular signal-regulated kinase; FGF-9, fibroblast growth
factor-9; LTB4, leukotriene B4; PAEC, pulmonary arterial endothelial cell; PASMC, pulmonary arterial smooth
muscle cell; TGF-b, transforming growth factor-b.
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activity.41 However, PASMCs become proliferative and apop-
tosis resistant and have enhanced synthesis and excellent
plasticity under pathological conditions such as anoxia and
inflammation, which contributes to the development of
vascular remodeling.42 The PASMCs of patients with PAH
exhibit cancer-like characteristics, which refers to excessive
proliferation and apoptosis resistance.3 Others have also
defined these cells as smooth muscle (SM)-like cells.43

There are several sources for SM-like cells. The PASMCs in
PAH have been considered as being derived from resident
PASMCs of the medial layer that migrate to the intima and
further proliferate and transform into SM-like cells.44 More-
over, progenitor cells such as pulmonary pericytes are a
potential source of SM-like cells that could contribute to
pulmonary vascular remodeling and lead to PAH.31 Moreover,
recent studies have demonstrated that resident endothelial
cells within the intima transition to a mesenchymal or SM-like
phenotype, which is involved in the pathogenesis of PAH.38,45

Furthermore, increased SM-like cells may be a critical cause
of PAH pathogenesis.46 Therefore, inhibiting the transition of
SM-like cells may have potential application in targeted
therapy of PAH.47

However, different from thebiological effects of PAECs, Tregs
inhibit PASMC proliferation and defer the PASMC cycle mainly
by increasing anti-inflammatory cytokine levels to suppress the
inflammatory response in PAH. Tregs protect against hypoxia-
induced PAH by suppressing PASMC proliferation.48 In vivo
experiments have shown that, in hypoxic conditions, mice
injected with purified Tregs had significant reduction of the
increased right ventricular systolic pressure and proinflamma-
tory cytokine expression than mice without purified Treg
treatment. In an in vitro study, human PASMCs cultured and
incubated with Tregs in hypoxic conditions had significantly
reduced optical density value compared with the control group
when assayed using the 3-(4, 5-dimethylthiazol-2-yl)-2, 5
diphenyl tetrazolium bromide method. Mechanistically, the

Figure 2. Mechanisms of Treg inhibition of excessive immune response. Tregs are involved in antigen
presentation and recognition, as well as T-lymphocyte activation and expansion. Tregs inhibit antigen
presentation by inducing interleukin-10 expression and inhibiting DC maturation. Tregs suppress antigen
recognition by secreting TGF-b and inhibiting TCR activity. Tregs suppress T-lymphocyte activation by
upregulating the costimulatory molecules CTLA-4 and reducing CD80 and CD86 expression, upregulating
IDO expression indirectly as well as expression of the negative costimulatory signal PD-1. Tregs control
T-lymphocyte proliferation and differentiation by upregulating granzyme B and CD73 expression, as well as
hindering the production of various cytokines such as interleukin-2, interferon-c, and TNF-a. CTLA-4
indicates cytotoxic T lymphocyte associated with antigen-4; DCs, dendritic cells; IDO, indoleamine 2,3-
dioxygenase; MHCII, major histocompatibility complex class II; PD-1, programmed death 1; pMHCII,
peptide–major histocompatibility complex class II complexes; TCR, self-reactive T-cell receptors; TGF-b,
transforming growth factor-b; TNF-a, tumor necrosis factor-a.
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anti-inflammatory factor interleukin-10 was increased, and
proinflammatory factors, including interleukin-6, interleukin-
1b, and monocyte chemoattractant protein-1 were markedly
reduced in Treg-treated human PASMCs as compared with the
control group. This suggests that Tregs play a critical role in
ameliorating PAH by inhibiting PASMC proliferation and acting
against inflammation.48 Recently, it was reported that increased
Tregs ameliorated atherosclerosis by suppressing vascular
smooth muscle cell proliferation.49

Previous studies have reported the partial mechanisms of
Treg regulation of PASMC proliferation. Chu et al48 have
shown that Tregs reduce PASMC proliferation and PAH
progression by suppressing Akt and extracellular signal–
regulated kinase, triggering cell cascade responses, including
cell growth, proliferation, survival, and motility.48,50 They also
proved that Tregs reduce pulmonary vascular remodeling by
reducing cyclin D1 and cyclin-dependent kinase expression,
as cyclin D1 and cyclin-dependent kinase promote PASMC
proliferation by facilitating G1–S transition in cells.48

As mentioned above, Treg numbers in the peripheral blood
are significantly reduced and are accompanied by increased
Th17 cells in rats treated with hypoxia.51 A recent study
verified that inhibition of the RhoA/Rhoa kinase pathway
could reverse the abnormal Treg/Th17 ratio in a hypoxic PAH
rat model. Moreover, correcting the disproportionate ratio
suppressed the excessive PASMC growth and hypertrophy,
and thereby ameliorated PAH progression.51 This finding
suggests that Tregs may improve PAH by inhibiting the RhoA/
Rhoa kinase signaling pathway. Therefore, Tregs may be a
novel target for inhibiting PASMC proliferation in improving
the course of PAH.

Tregs Regulate Fibroblast Proliferation and
Activation
Fibrosis occurs as a result of sustained injury such as hypoxia,
high-perfusion flow, or alkaloid treatment, which causes
fibroblast recruitment, activation, and proliferation and the
production of high amounts of collagen and extracellular
matrix proteins.52 Various types of cells, especially fibroblast
and myofibroblast expansion and differentiation, are mainly
implicated in the fibrotic process.53 In the course of PAH,
fibroblasts are improperly activated and expanded. Subse-
quently, collagen and extracellular matrix proteins are
synthesized and deposited in the lung, pulmonary artery
(especially the pulmonary artery adventitia), and right ventri-
cle, which is important for driving the course of PAH.54

Previous studies have demonstrated that Tregs have a vital
role in antifibrosis by inhibiting excessive activation of
fibroblasts and the immune response.55–57 Although there is
some discrepancy in the net effects of Tregs on the fibrotic
processes, Tregs play an important role in regulating

fibroblast proliferation and activation, thereby controlling
fibrosis of the lung, pulmonary artery, and right ventricle, and
consequently ameliorating PAH progression.

Tregs Regulate Fibroblasts in the Lung
Generally, Tregs antagonize pulmonary fibrosis by inhibiting
pulmonary fibroblasts. Tregs exert suppressive effects on
collagen accumulation and fibroblast recruitment by sup-
pressing TGF-b1 and fibroblast growth factor-9 in a TGF-b1–
induced pulmonary fibrosis model.55,56 Moreover, Garibaldi
et al57 found that Tregs resolved fibroblast proliferation in a
lipopolysaccharide-induced acute lung injury model by reduc-
ing fibrocyte recruitment and inhibiting the chemokine (C-X-C
motif) ligand 12 (CXCL12)–CXCR4 axis. This suggests that
Tregs exert antifibrotic effects on pulmonary fibrosis by
suppressing fibroblast recruitment and proliferation.

However, several studies have reported that Tregs have
profibrotic properties in silicosis- or bleomycin-induced lung
fibrosis experimental models.58,59 Lo Re et al58 indicated that
Tregs contribute to pulmonary fibrosis by stimulating fibrob-
lasts through the secretion of platelet-derived growth factor-B
in silicosis-induced lung fibrosis. Xiong et al59 reported that
Tregs contribute to fibrosis progression in a bleomycin-
induced mouse model by promoting the effects of Th17 and
CD8+ T cells, while inhibiting interferon-c expression.

The possible explanations for the disparity of these
findings may depend on the different lung fibrosis models,
which implicate different underlying pathophysiological mech-
anisms.59 More interestingly, it was recently reported that
Tregs seem to be detrimental in the early stages of pulmonary
fibrosis in bleomycin-induced idiopathic pulmonary fibrosis
mice, but are protective in the later stages.60 This suggests
that Tregs exert different effects on the PAH pathological
stages, which may be an important reason for this deviation.

Tregs Attenuate Excessive Proliferation and
Activation of Pulmonary Artery Adventitial
Fibroblasts
Tregs are involved in the improvement of pulmonary artery
fibrosis, especially pulmonary artery adventitial fibrosis. In
recent years, the concept of the “outside-in” mechanism has
been increasingly supported by scholars, and mainly refers to
adventitial fibroblasts serving as a source of pathologic stimuli
permeating the vascular wall.61 Pulmonary artery adventitial
fibroblasts (PAAFs) are activated by a variety of pathways that
result in excessive proliferative, migratory, fibrotic, and
inflammatory activities and thereby promote PAH progres-
sion.62 Moreover, a variety of factors regulate PAAFs, thereby
affecting the progression of pulmonary artery fibrosis.
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Tregs exert suppressive effects on PAAF proliferation. In
general, Treg activation can increase macrophage responses
to promote injury resolution. In the absence of Treg regula-
tion, macrophages are excessively activated and recruited in a
pathological state, which not only directly induces PAAF
proliferation, but also enhances this effect by promoting
leukotriene B4 production that further stimulates the function
of PAAF, ultimately accelerating PAH progression.63,64 There-
fore, Tregs play an important role in inhibiting PAAF prolifer-
ation and attenuating adventitial fibrosis in PAH.

Tregs Regulate Fibroblasts in Right Ventricle
In the pathological processes of PAH, chronic RV pressure
overload increases wall stress and promotes ventricular
remodeling, including “adaptive remodeling,” which is char-
acterized by concentric RV hypertrophy and preserved
systolic and diastolic function; “maladaptive remodeling” is
recognized by eccentric remodeling, RV dilatation, reduced RV
function, and early deterioration into RV failure.65 RV fibrosis
is the hallmark of maladaptive remodeling, which is a result of
RV pressure overload after pulmonary arterial pressure is
elevated.65 Furthermore, adaptive RV remodeling is associ-
ated with a lower risk of clinical deterioration compared with
maladaptive RV remodeling in patients with PAH.66 Therefore,
RV fibrosis and function help to assess the prognosis of
patients with PAH.

Tregs have been proven to play an indispensable role in
regulating cardiac fibroblasts to control myocardial fibrosis
and maintain cardiac function. Cao et al67 demonstrated the
protective effect of Tregs on myocardial fibrosis via the
secretion of the immune-suppressive cytokine interleukin-10,
suggesting that Tregs potentially control ventricular remodel-
ing and myocardial fibrosis in a coxsackievirus B3–induced
mouse myocardial fibrosis model. Consistently, Ramjee
et al68 also found that promoting Treg recruitment and
activation was conducive to alleviating myocardial fibrosis
and heart failure in a mouse model, which is related to the
Treg chemokine interferon-c reducing profibrotic cytokine
secretion and mediating fibroblast migration, thereby inhibit-
ing myocardial fibroblast proliferation and activation. Although
the direct function of Tregs in RV failure secondary to PAH has
not been identified, its potent antifibrotic properties mean
that it may be a promising target for RV protection in PAH.

However, the function of Tregs in regulating cardiac
fibrosis is also disputed, and some studies have reported
that Tregs promote cardiac fibroblast proliferation and
survival, aggravating myocardial fibrosis and chronic heart
failure.69,70 Bansal et al69 reported that Treg depletion
resulted in a significant reduction in collagen I and collagen
III expression and in the inhibition of interstitial fibrosis in
ischemic cardiomyopathy mice, which indicated the cardiac

profibrotic effects of Tregs.69 A recent study further reported
that in patients with late-stage heart failure, Tregs could
secrete TGF-b in an autocrine or paracrine manner and then
stimulate cardiac fibroblast proliferation, thereby facilitating
the progression of heart failure.70 Overall, proper fibrosis in
the early stage after cardiac injury may contribute to repair of
the lesions, while excessive fibrosis results in cardiac
remodeling and dysfunction. The contradictory findings of
Tregs in myocardial fibrosis may be related to this process
and still require further exploration.

Tregs Inhibit Excessive Immune Response
Immune dysfunction is a critical factor in pulmonary perivas-
cular inflammation and the pathological progresses of PAH.71

Previous studies have suggested that sustaining Treg function
to control the aberrant immune response and maintain
immune homeostasis is of great significance for overcoming
PAH progression.72,73 Furthermore, recent studies have
shown that Tregs suppress the immune response by
suppressing various immune-associated cells, including
CD4+ and CD8+ T cells, natural killer cells, and antigen-
presenting cells (APCs, mainly involving dendritic cells [DCs],
macrophages, B cells). Further work has shown that Tregs
mediate APC, natural killer cell, and CD8+ T-cell cytolysis by
upregulating granzyme and perforin expression.74 Although
Treg-mediated suppression is related to several kinds of
immune cells, the mechanisms of Treg suppression of T-
lymphocyte–mediated immune responses are the most widely
studied.

Treg immunosuppression of the processes of T-
lymphocyte–mediated immune response are mainly impli-
cated in the following stages. First, Tregs can interfere with
the formation of peptide–major histocompatibility complex
class II complexes and can hamper APC presentation of
peptide–major histocompatibility complex class II (MHCII)
complexes to T lymphocytes. Second, Tregs control the
immune response by inhibiting the antigen recognition
process. Finally, Tregs suppress T-lymphocyte activation and
expansion (Figure 2).

Tregs induce significant interleukin-10 expression, and
interleukin-10 induces immune suppression primarily by
inhibiting MHCII expression, which is essential for APC antigen
presentation to T cells.75 In addition, conventional DCs are a
primary APC subset that mediate Treg immunosuppression.76

Tregs hinder antigen presenting and suppress the immune
response by obstructing DC maturation.77 Accordingly, Tregs
can inhibit APC antigen presentation to T lymphocytes by
reducing MHCII expression and DC maturation.

Next, antigen recognition is associated with the specific
binding of T-cell receptors (TCRs) to the APC-presented
peptide-MHCII, which promotes the generation of
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costimulatory molecules. Accordingly, the costimulatory sig-
nals generated by the interaction among costimulatory
molecules are critical for activating and expanding specific T
lymphocytes. However, Kim et al72 verified that Tregs
suppress the immune response by preventing the antigen
recognition process via the inhibition of self-reactive TCR
activity on T lymphocytes. Moreover, TGF-b interferes with
TCRs and further suppresses the costimulatory receptor
signaling pathways by inhibiting Tec kinase activation,
suppressing calcium influx elicited by TCR/CD28 stimulation
in CD4+ T cells.78 Furthermore, Tregs might protect against
PAH by secreting TGF-b.79 Therefore, we assume that Tregs
play an immunosuppressive role and further protect against
PAH by blocking antigen recognition attributable to the
increased expression of TGF-b.

After combining with MHCII on APCs, these specific T
lymphocytes will be activated and undergo further expansion.
Accordingly, T-cell activation requires not only antigenic
stimulation signals (the first signal) provided by peptide-
MHCII, but also costimulatory signals (the second signal)
delivered by costimulatory molecules to TCRs.80 According to
this model, T lymphocytes that receive only antigen-specific
TCR stimulation in the absence of costimulatory molecules
will be rendered unresponsive (anergic) to antigenic chal-
lenge. Intriguingly, the costimulatory pathways can provide
positive costimulatory signals that promote T-cell activation
as well as negative costimulatory signals that inhibit T-cell
responses.81 Maeda et al82 suggested that Tregs suppressed
responder T-cell activation by downregulating the expression
of the costimulatory molecules CD80 and CD86 on APCs,
which decreased costimulatory signal production. Moreover,
cytotoxic T-lymphocyte–associated protein 4, highly
expressed on Treg surfaces and which interacts with CD80
and CD86, may induce DCs to upregulate indoleamine 2,3-
dioxygenase 1 expression, leading to increased negative
costimulatory signals and subsequently damaging responder
T-cell activation, inhibiting T-cell responses and exerting
immunosuppressive effects.83 Programmed cell death 1 is a
negative costimulatory signal that delivers inhibitory signals
and prevents effector T-cell responses. Tregs suppress T-
lymphocyte activation and expansion by upregulating and
maintaining programmed cell death 1 expression.80

Finally, after T-lymphocyte activation, it is also necessary
to promote their proliferation and differentiation under the
action of cytokines such as interleukin-2, interferon-c, and
tumor necrosis factor-a. Responder T cells under Treg-
mediated suppression remain hypoproliferative and produce
low amounts of cytokines, which can be immunologically
defined as “anergy.”82 Gondek et al84 also suggested that
Tregs exert their immunosuppressive effects by upregulating
granzyme B expression, which induces apoptosis in responder
T cells, weakening the immune response. More recently,

Smyth et al85 demonstrated that Treg-derived exosomes
inhibit T-cell proliferation and further prevent the aberrant
immune response by expressing CD73, which converts
extracellular adenosine-5-monophosphate to adenosine,
describing a new mechanism of Treg inhibition of immune
response. Taken together, these studies demonstrate that
Tregs exert immunosuppressive effects at various stages of
the immune response, providing solid evidence of Tregs
correcting the immune dysfunction in PAH.

Tregs as a Therapeutic Target in PAH
Well-documented studies have identified Tregs as a promising
therapeutic target, and their clinical application has been
tested for several diseases.86,87 Clinical data have shown that
both exogenous Treg transplantation and induction of intrinsic
Treg activation are effective for preventing and treating
several dominant self-tolerance and autoimmune diseases.87–
89 Although there are no definitive data on the efficiency and
safety of transplanted exogenous Tregs in patients with PAH
yet, it is a promising approach for Treg clinical application,
given the multiple effects of Treg induction in PAH.

At present, studies on exogenous Treg transplantation are
relatively more feasible in the field of disease treatment.
Recently, Bluestone et al90 conducted a phase 1 trial to
assess the safety of adoptively transferred Tregs for
immunotherapy. Fourteen adult subjects with type 1 diabetes
mellitus were infused ex vivo with expanded autologous
polyclonal Tregs via the peripheral intravenous route. The
authors reported that, after isolation and expansion in the
new hosts, the transferred Tregs were long lived, with up to
25% of the peak level remaining in the circulation at 1 year
after transfer. That study showed transient increases in Tregs
in the recipients, who retained a broad Treg phenotype long
term. Moreover, there were no infusion reactions or cell
therapy–related adverse events.90 This indicates that autol-
ogous Treg transplantation may be a safe and relatively
effective treatment for autoimmune disease. However, the
main challenges to successfully implementing exogenous Treg
transplantation therapy are the effective production of high-
quality Tregs and balancing the yield and purity of the
products.91 Further studies are required to identify more
effective methods for Treg application in clinical therapy.

Recently, it was found that inducing internal Treg expansion
is a promising means of increasing endogenous Treg activity.
CD28 superagonists are highly effective for treating rodent
models of autoimmunity because of the potent capability for
inducing Treg expansion and increasing Treg activity.92 A
number of studies have also demonstrated significantly ther-
apeutic effects of interleukin-2 in patients with various
autoimmune diseases by inducing endogenous Treg expan-
sion.93,94 In addition, a recent study reported that physical
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exercise induces increased endogenous Tregs, which con-
tributes to ameliorating pulmonary allergic inflammation.95

These studies suggest that there may be unexplored, more
concise and efficient methods for inducing Treg expansion.

It has also been reported that correcting the abnormal Treg
metabolism could prolong Treg survival duration under
pathological conditions. Approaches to improving Treg
metabolism may be also a promising strategy for Treg-
targeted therapy of PAH.96 Liver kinase B1, a potential
regulator of cellular homeostasis in PAH courses, is believed
to mediate Treg metabolism and maintain immunological
homoeostasis by regulating multiple metabolic pathways.97,98

Liver kinase B1 has been found to be essential for Treg
survival and function. Treg-specific deletion of the Lkb1 gene
in mice causes serious mitochondrial metabolism dysfunction
and alters cellular metabolism pathways, leading to loss of
Treg number and function and causing early-onset autoim-
mune disorder; conversely, liver kinase B1 gain of function
significantly reverses this tendency.97,98 This finding suggests
that approaches to normalizing Treg metabolism and thereby
extending the life span of Tregs may be another effective
method for treating PAH.

Conclusions
A large amount of experimental and preclinical evidence shows
that Tregs play a critical regulatory role in both the initiation and
development stages of PAH pathogenesis.48,99 Reduced Treg
number and impaired Treg function caused by innate or
environmental elements may aggravate the processes of
PAH. Otherwise, recovering abnormal Tregs may protect
against PAH by improving PAEC injury, PASMC proliferation
and apoptosis, fibroblast proliferation and activation, and
immune dysfunction. However, restrictions on using Tregs for
clinical treatment remain. Clearly, Tregs might be a promising
therapeutic target in PAH. At the same time, it might also
improve our understanding of the immunomodulatory mecha-
nisms involved in PAH.
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None.
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